Potentiostatic intermittent titration technique ͑PITT͒ and electrochemical impedance spectroscopy ͑EIS͒ were investigated as methods to determine solid phase chemical diffusion coefficient ͑D͒ and electronic density of states ͑DOS͒. These techniques were then applied to iridium oxide ͑IrOx͒ and iridium-tantalum oxide ͑IrTaOx͒ thin films prepared by sputter deposition. The experiments, performed in 1M propionic acid between −0.2 and 0.8 V vs Ag/ AgCl, showed effects of interfacial side reactions, whose contribution to the electrochemical response could be identified and corrected for in the case of PITT as well as EIS. It was found that D is strongly underestimated when using PITT with the common Cottrell formalism, which follows from non-negligible interfacial charge transfer and Ohmic resistances. EIS indicated an anomalous diffusion mechanism, and D was determined to be in the 10 −11 -10 −10 cm 2 / s range for IrOx and IrTaOx. Both PITT and EIS showed that the intercalated charge as a function of potential exhibits a shape that resembles the theoretical DOS of crystalline iridium oxide, especially for IrTaOx.
INTRODUCTION
Electrochemical methods are widely used to investigate ion transport and diffusion in liquid electrolytes 1 as well as in solids. 2 Systems with mixed ionic and electronic conduction are of importance for a number of applications, such as batteries, 3 electrochemical sensors, 4 and electrochromic ͑EC͒ devices. 5 The coupled ion-electron transport is in general very complex, 6, 7 but considerable simplification is possible in the case of chemical diffusion of ions intercalated into a material. The coupled ion-electron transport is then described by the chemical diffusion coefficient ͑D͒. Galvanostatic intermittent titration technique ͑GITT͒, potentiostatic intermittent titration technique ͑PITT͒, and electrochemical impedance spectroscopy ͑EIS͒ are frequently used methods to determine D of guest species in various inorganic hosts. [8] [9] [10] Recent advances regarding the analysis of these methods include correction for non-negligible charge transfer and Ohmic resistances in the PITT case 11 and introduction of anomalous diffusion when analyzing EIS data. 12 In chronopotentiometry ͑CP͒ and GITT experiments the quasi-steady-state potential is measured as ions are intercalated into the material. Recently, it has become apparent that the variation of the potential can often be related to the electronic density of states ͑DOS͒ of the host material. 13 Hence, the GITT and CP methods have been used to study the electronic DOS in the vicinity of the Fermi level for several transition metal oxides. 14, 15 There are other methods to determine the DOS experimentally, especially electron and x-ray spectroscopic methods, [16] [17] [18] and theoretical ab initio calculations can be used too. [19] [20] [21] [22] A detailed knowledge of the DOS is especially interesting for EC materials, since the coloration in the visible wavelength region involves electron excitations between filled and empty states by, for example, an intervalence charge transfer mechanism. 23 The accuracy of the methods for determining D and the DOS may be severely limited in the presence of side reactions. These are not uncommon in electrochemical systems, but are often neglected or not reported in detail. The present paper investigates PITT and EIS, using the recent theoretical advances by Montella 11 and Bisquert and Compte, 12 as methods for the determination of the solid phase chemical diffusion coefficient and the DOS. In particular, we show that the side reactions can be corrected for explicitly. Specifically, we use the above methods to study two iridium based oxides that can be used in electrochromic devices as anodic counter electrodes to the cathodic tungsten oxide. [24] [25] [26] [27] [28] Compared to nickel oxide, which is a more frequently used anodic electrochromic oxide, 5, 29 the iridium based oxides are less coloring but they show greater chemical stability. To improve the electrochromic behavior of iridium oxide, and to make it less expensive for applications, other metals, such as Sn or Ta, are added to obtain a mixed electrochromic oxide.
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EXPERIMENT
Samples of iridium oxide ͑IrOx͒ and iridium-tantalumoxide ͑IrTaOx͒ were prepared using reactive dc magnetron sputtering onto In 2 O 3 :Sn ͑ITO͒ covered glass substrates. The sheet resistance of the ITO was 10 ⍀. A multitarget sputter system, based on a Balzer UTT400 unit, was used with 99.95% pure metallic 5 cm diameter targets positioned 13 cm from the substrate. The deposition took place in a 99.995% pure argon-oxygen atmosphere at 30 mTorr. The O 2 / Ar flow ratio was 1 when depositing IrOx films and 0.13 when depositing IrTaOx films. The sputtering power was 200 W during deposition of IrOx and 100 W for Ir and 220 W for Ta during deposition of IrTaOx. Typical deposition rates and film thicknesses were determined to be 1.4 and 0.8 nm/ s for IrOx ͑85 nm͒ and IrTaOx ͑95 nm͒, respectively, using an Alpha Step profilometer. Additional structural characterization by atomic force microscopy, x-ray diffraction, transmission electron microscopy ͑TEM͒, Rutherford backscattering spectroscopy, and x-ray photoelectron spectroscopy of both types of films were presented in two recent papers. 32, 33 The compositions of the as-deposited films were IrO 2.2 and IrTa 1.4 O 5.6 , respectively, with a surface roughness of about 9 nm and a grain size of 3 -4 nm for both types of films. Preliminary observations of cross section TEM images show that IrTaOx has a diffuse columnar structure, whereas the IrOx has a more porous structure, which is sensitive to electron beam irradiation.
All of the electrochemical measurements were performed using a standard three-electrode setup with the electrochromic film as working electrode, a 1 cm 2 platinum counter electrode, and a Ag/ AgCl reference electrode submerged in 1M propionic acid. Prior to the PITT and EIS studies, the films were pretreated using cyclic voltammetry ͑CV͒ until a stable response was obtained ͑ϳ10 cycles͒. The CV was performed between −0.3 and +1 V versus the Ag/ AgCl reference electrode at 20 mV/ s using an Ecochemie Autolab/GPES interface. One of our previous studies 33 indicated a 10% increase of oxygen content in the films during these initial cycles.
During the PITT experiments, performed using the Ecochemie Autolab/GPES interface, the potential was first decreased using −50 mV potential steps from +1 to − 0.3 V to intercalate the films, and then increased back to +1 V using +50 mV steps to deintercalate the films. The relaxation time between each step was set to 3600 s to ensure as relaxed films as possible prior to each step. During the experiment the Faradaic current was monitored during the first 300 s.
Impedance spectroscopy was performed using a Solartron 1260 frequency response analyzer together with a Solartron 1286 electrochemical interface, enabling bias potential rejection for better accuracy. The spectra were recorded using a 10 mV amplitude ac potential between 1 MHz and 10 mHz with 10 points per decade using an autointegration routine, giving noise to signal ratio less than 0.001. Spectra were recorded successively at 0.8 to − 0.2 V and then back to 0.8 V vs Ag/ AgCl with 0.2 V intervals after applying the potential for 1800 s, allowing the films to attain a steady state.
RESULTS AND ANALYSIS: DIFFUSION PITT
PITT has for a long time been used as a method to determine the chemical diffusion coefficient for intercalation materials. It has been established 9 that the charge compensating current during a PITT step can be derived from Fick's second law with the appropriate initial and boundary conditions. The current can be expressed as
where ⌬Q is the intercalated charge corresponding to the potential step, D is the chemical diffusion coefficient, L is the electrode thickness, and t is the time. The chemical diffusion coefficient can thereby be determined by looking at the short time region where It 1/2 is time independent, normally called the Cottrell region, or by looking at the long time region where the current decreases exponentially. Figure 1 shows two typical current responses to potential steps for ͑a͒ IrOx and ͑b͒ IrTaOx, one at a high potential ͑0.8 V vs Ag/ AgCl͒ and the other at a low potential ͑−0.2 V vs Ag/ AgCl͒. It can be seen in Eq. ͑2͒ that the current is expected to approach zero for long times as a new equilibrium state is attained. However, as seen in the figure, the current attains a steady state. Figure 2 shows the steady state current as a function of potential for ͑a͒ IrOx and ͑b͒ IrTaOx. It is evident that the steady state current is negative for low potentials and positive at high potentials and that it is an order of magnitude higher for the IrOx sample than for the IrTaOx sample at low potentials. The background current is believed to correspond to oxidation and reduction of different solution species, such as oxygen dissolved in the electrolyte.
In order to proceed with the PITT analysis, an accurate correction for the side reaction current is of importance. If the side reactions operate under charge transfer kinetics, the corresponding current can be described by the Butler-Volmer equation,
where ␣ is a transfer coefficient between 0 and 1, n is the number of electrons per oxidized/reduced molecule, F is Faraday's constant, R is the molar gas constant, T is the temperature, and is the over potential. Provided that the electrode material does not participate in the side reaction and that the catalytic properties of the electrode are independent of potential, Eq. ͑3͒ is time independent. For this reason the side reaction current should be constant during each potential step as long as it is charge transfer limited. This would make the correction easy, as the current associated with the side reactions can be identified as the steady state current. However, the analysis would become much more complicated if the side reactions are solution mass transfer controlled, as the associated current would decrease from an initially high level to a lower steady state current.
insignificant during each step. The measured current can therefore easily be corrected from the influence of side reactions by subtracting the steady state current. One can also find potential regions in the Evans diagrams with close to vertical lines. These show the diffusion controlled regimes of the side reaction kinetics, where the diffusion rate of one of the reacting species controls the reaction rate. Since the side reaction current varies during these potential steps, a correct compensation for the side reactions would become very difficult. For simplicity we will consider the background current as constant, also in these regions, and correct the current by subtracting the steady state current.
As a result of analyzing the Evans diagrams it can be concluded that for IrOx, the side reaction currents are constant during each potential step between 1.0 and 0 V vs Ag/ AgCl, whereas diffusion control is present below 0 V, thus making the analysis less reliable in this region. The situation is much more complex for IrTaOx, which displays charge transfer control in the following regions: −0.1-0.2 and above 0.6 V during intercalation and −0.1-0.5 and above 0.8 V during deintercalation. The other potential regions show signs of mass transfer control. However, the side reaction current is an order of magnitude lower for IrTaOx, making the compensation for side reaction currents less important.
In this study, the constant side reaction current is calculated as the mean current during the last 30 s of each step. However, the background current is believed to be comparable with, or larger than, the intercalating current for intermediate times. For this reason only Eq. ͑1͒ will be used to calculate the diffusion coefficient, since a small error in correcting for side reactions would have a big impact when determining D using Eq. ͑2͒.
The expressions for the intercalating current given by Eqs. ͑1͒ and ͑2͒ are valid provided that the intercalation current is solid phase diffusion limited, which occurs when the diffusion resistance R d is much larger than the interfacial charge transfer resistance R ct and the sum of Ohmic resistances in the electrolyte, substrate, wires, and connectors, R Ohm . The current response to a potential step, where R Ohm and R ct cannot be neglected, was investigated theoretically by Montella.
11 It was found that if a peak is found in a plot of It 1/2 versus time instead of an extended plateau towards short times, the diffusion coefficient is underestimated using Eq. ͑1͒. The magnitude of the underestimation, given elsewhere, 11 depends on the dimensionless parameter ⌳, given by
. ͑4͒ Figure 4 shows the side reaction compensated It 1/2 versus the logarithm of time for five different potential steps for ͑a͒ IrOx and ͑b͒ IrTaOx during the first 100 s of deintercalation. Instead of extended plateaus where It 1/2 is time independent, one can only find peaks indicating that R d is small compared to R ct and R Ohm . Hence only an underestimated diffusion coefficient can be obtained using the peak values found in Fig. 4 together with Eq. ͑1͒. This is shown in Fig. 5 for ͑a͒ IrOx and ͑b͒ IrTaOx during intercalation and deintercalation.
EIS
Impedance spectroscopy offers a more accurate determination of the diffusion coefficient, since the interfacial and diffusion processes are usually separated on the frequency scale. 10 In addition, ⌳ may also be determined. The drawback of EIS is that the data need to be analyzed by fitting a model representative of the system. As a consequence, influences from the side reactions need to be taken into account in the model. For intercalation materials, the EIS data are usually fitted to a Randles circuit, which consists of an Ohmic resistance R Ohm , a charge transfer resistance R ct , a double layer capacitance C dl , and an open Warburg impedance Z W as depicted in Fig. 6 . The open Warburg impedance can be represented by a distributed equivalent circuit ͑transmission line͒ 12, 34 as depicted in Fig. 7 , where r m is the resistance per unit length and c m is the capacitance per unit length. The Randles circuit would, in a complex impedance plot, produce a semicircle, corresponding to charging of the double layer through a charge transfer resistance, followed by a 45°slope indicating semiinfinite diffusion, which is terminated by a vertical line as a result of the electrode having a finite capacity, as depicted in Fig. 8 . Figure 9 shows two typical impedance spectra for ͑a͒ IrOx and ͑b͒ IrTaOx, one recorded at high potential and the 
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other at low potential. It can be seen that the response in the high frequency region varies very little for different bias potentials, whereas the low frequency region displays parts of a semicircle for low potentials. This low frequency feature at low potentials is a result of the same side reaction as the one described above in the PITT section. The small semicircle between 50 Hz and 3 kHz has been identified as the charge transfer resistance and the double layer capacitance, whereas the feature above 3 kHz has been identified as an Ohmic resistance, mainly from the electrolyte, and a frequency dependent capacitive component, which probably is related to the reference electrode. In order to determine the diffusion coefficient and the ⌳ parameter, several modifications of the Randles circuit were evaluated using the ZVIEW software. 35 The best fit between model and experiment data in the range of 1 kHz to 0.01 Hz was achieved by using the equivalent circuit shown in Fig.  10 . This model contains an Ohmic resistance R Ohm , a charge transfer resistance R ct , a double layer capacitance C dl , a "Bisquert 3 element" 35 B 3 , and a side reaction resistance R sr .
This Bisquert element describes an anomalous diffusion process denoted as AD1b by Bisquert and Compte. 12 The physical realization of such a process is, in our case, most probably percolation or diffusion on a fractal network, leading to the power-law distribution of relaxation times. Addition of the side reaction resistor enabled fitting in the low frequency region, in particular, at low bias potentials. The model described above resulted in accurate fits of the experimental data. A measure of the accuracy of each fit is the weighted sum of squares, which is proportional to the average percentage error between the experimental data points and the simulated values. It was typically around 0.004 never exceeding 0.04. Figure 11 shows the experimental data of IrTaOx at 0 V vs Ag/ AgCl together with its corresponding fit. This fit is one of the poorest, with a weighted sum of squares of 0.01.
The solid phase diffusion coefficient was determined from the fitted parameters of the B 3 element in the circuit. This element is most easily visualized by a transmission line, illustrated in Fig. 12 , where the distributed resistor for the ordinary diffusion has been replaced by a distributed constant phase element ͑CPE͒ with impedance
where 1-␥ is the distributed CPE exponent, which is equal to zero for ordinary diffusion, and q m is the distributed CPE prefactor, which has the dimension ͑⍀ / m͒s −͑1−␥͒ . The impedance for the B 3 element is equal to 12 
Z͑j͒
where R W is given by
and D is given as
It should be noted that D and R W , in Eqs. ͑9͒ and ͑7͒, have the dimensions m 2 / s ␥ and ⍀s −͑1−␥͒ , respectively, which makes it impossible to use R W as a diffusion resistance for 
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calculating the ⌳ parameter. However, an effective R d can be identified from Eq. ͑6͒ as
which can be used to calculate ⌳ from Eq. ͑4͒. This further implies that an effective diffusion coefficient with dimension m 2 / s can be calculated as Figure 13 shows the values of the effective diffusion coefficient for ͑a͒ IrOx and ͑b͒ IrTaOx measured using EIS. Comparing these results with diffusion coefficient measured using PITT ͑Fig. 5͒, it can be seen that the diffusion coefficient measured using EIS is up to a factor of 10 larger than the one measured using PITT. Figure 14 shows the Warburg exponent identified as ͑1−␥ / 2͒ and the ⌳ parameter for ͑a͒ IrOx and ͑b͒ IrTaOx measured using EIS. One can see that ⌳ is low ͑Ͻ1͒ in the high potential range, and that the Warburg exponent increases from 0.65 to 0.75 for IrOx and 0.7 to 0.85 for IrTaOx when the potential is decreased from 0.8 to − 0.2 V vs Ag/ AgCl.
RESULTS AND ANALYSIS: DENSITY OF STATES PITT
It has previously been reported that it is possible to probe the electronic density of states using GITT or CP ͑Ref. 14͒ since it can be expressed as
where e is the elementary charge, x is the number of intercalated ion-electron pairs per f.u., and dU is the change of potential. A condition for this relation is that the rigid band approximation can be applied to the oxides, which means that the DOS of the oxide is not affected by the intercalated ions. Another possible condition is that the sites for the inserted electrons are localized.
14 When using PITT, dU is the applied potential step and dx can be calculated from
where I͑t͒ is the current as a function of t and N Ir is the number of iridium atoms determined by Rutherford backscattering spectroscopy. 
EIS
For determining the DOS, impedance spectroscopy was used to measure the capacitance in the low frequency region. As the capacitance describes how much an ac potential changes the intercalated charge, it becomes evident that the measured low frequency capacitance C is proportional to the DOS according to
where C is calculated from C = c m L. ͑15͒ Figure 15 shows the calculated DOS for ͑a͒ IrOx and ͑b͒ IrTaOx together with a theoretical DOS of crystalline IrO 2 .
36
It can be seen that there are only small differences between the DOS measured with PITT and EIS. However, the measured DOS is 30%-50% of the theoretical DOS.
DISCUSSION
Investigating the chemical diffusion coefficient using PITT requires knowledge about the kinetics of the intercalation process. The ⌳ parameter, which is the ratio of diffusion resistance to the sum of charge transfer resistance and the Ohmic resistances, gives an indication whether the current is limited by a diffusion process or by an interfacial process and the electrolyte. Montella 11 presented a method to calculate the chemical diffusion coefficient using PITT for systems where the charge transfer and Ohmic resistances could not be neglected, and to determine the ⌳ parameter. However, the applicability of this method is uncertain for our films since a significant side reaction has been identified. EIS on the other hand offers an easy way in determining both diffusion coefficient and ⌳ parameter, which follows from the interfacial and diffusion processes being separated on the frequency scale. In addition the side reaction can easily be identified. The diffusion coefficient was determined to be in the 10 −11 -10 −10 cm 2 / s range for both IrOx and IrTaOx, which is two orders of magnitude larger than previously reported by us for similar films, 32 but three orders of magnitude smaller than reported by Pauporté and Durand. 37 The diffusion coefficient determined by PITT is smaller than the diffusion coefficient determined by EIS, most probable as a result of small ⌳ values. To strengthen this latter statement, the ratio between the diffusion coefficients measured by PITT and EIS was plotted as a function of the ⌳ parameter together with the theoretical ratio calculated by Montella 11 in Fig. 16͑a͒ for IrOx and Fig. 16͑b͒ for IrTaOx. A good agreement between theory and experiment can be seen for high potentials. Discrepancies at low potentials are ascribed to the effect of the questionable side reaction compensation. It is, however, important to notice that EIS showed that the diffusion is anomalous with a Warburg exponent ͑1−␥ / 2͒ ranging from 0.65-0.75 for IrOx and 0.7-0.85 for IrTaOx, as compared to 0.5 for normal diffusion, whereas the analysis of PITT data did not consider anomalous diffusion. The measured Warburg exponent is close to the value 0.73 theoretically predicted for percolation conductivity, 38 and to the exponents observed in a number of ion conducting glasses. 39 The determination of DOS showed good agreement between PITT and EIS, and it can be seen that the measured DOS shows the same main features as the theoretical DOS with a peak slightly above the Fermi level and a declining DOS for higher energies. This agreement is particularly good for IrTaOx, whereas the measured DOS of IrOx show less features, which is interpreted as a result of the IrOx being more affected by the side reactions. The measured DOS does, however, show a lower amplitude than the theoretical one in the entire potential range, which is in agreement with previous work on TiO 2 and WO 3 .
14 Previous work has shown that GITT and chronopotentiometry can be used to probe the DOS. We are now suggesting that also PITT and EIS are capable to probe the DOS, and are even more suitable for doing so. The biggest advantage of PITT and EIS compared to GITT or CP is the ability to detect, and to some extent compensate, for the side reactions occurring at the sample. From the background current one can draw the conclusion that the results are more reliable for high potentials where the background current is small and charge transfer kinetic controlled, and that the uncertainty is largest for IrOx at low potentials where the background current is mass transfer limited. It is also realized that the intercalated charge increases for longer times than those used in these experiments. However, most of the charge is intercalated in the beginning of the potential step and the influence of side reactions increases with time.
CONCLUSIONS
Thin film samples of IrOx and IrTaOx were prepared by reactive dc magnetron sputtering. PITT and EIS were used to determine the chemical diffusion coefficient and the DOS, and a significant side reaction could be observed and corrected for. It was shown that the traditional PITT approach underestimates the chemical diffusion coefficient since the charge transfer and Ohmic resistances cannot be neglected when analyzing PITT data, whereas EIS can be used to obtain good estimates of the chemical diffusion coefficient as well as diffusion, charge transfer, and Ohmic resistances. The diffusion coefficient was determined to be in the 10 −11 -10 −10 cm 2 / s range for both IrOx and IrTaOx, and the measured DOS shows features of the theoretically calculated DOS of crystalline iridium oxide, the agreement is particularly good for IrTaOx.
